Cardiac contractile protein ATPase activity was studied in cats 10 days after adrenalectomy at a time when the mean arterial blood pressure was 27% lower than that of control cats. The Ca 2 + -dependent, azide-insensitive ATPase activity of myofibrils isolated from the ventricles of adrenalectomized cats was 63% of the activity of control preparations ( P < 0.025). Similarly, the specific activities of cardiac actomyosin (myosin B) and myosin from adrenalectomized cats had decreased to 54 and 75% of control values, respectively ( P < 0.005). The percent reductions in ATPase activities in the three protein preparations from adrenalectomized animals were not significantly different, suggesting that the depression was associated witli myosin per se. The reduction in the myosin ATPase activity in adrenal insufficiency was prevented by dexamethasone treatment adequate to prevent tile decline in mean arterial blood pressure of the adrenalectomized cats. The reduction in cardiac performance in frank adrenal insufficiency may reflect a decrease in the rate of conversion of chemical to mechanical energy by the myocardial contractile proteins.
latory function are a decline in cardiac output, systemic hypotension, bradycardia, and elevated peripheral resistance. Evidence demonstrates a marked reduction in cardiac function as the primary circulatory disturbance in adrenal insufficiency (4) (5) (6) (7) . The impaired myocardial performance occurs without significant alterations in arteriolar (1, 8, 9) or venomotor responsiveness to humoral or neural stimuli (9) , or in blood volume (6) .
An understanding of the mechanism of the reduced cardiac performance in chronic adrenal insufficiency would be an important step in determining the mechanism of corticosteroid action on the heart. However, very little Circulation Resitrcb, Vol. XXVI, April 1970 420 ROVETTO, MURPHY, LEFER information is available on the myocardial cellular defect in adrenal insufficiency. The purposes of this study were: (1) to isolate the contractile proteins from the hearts of adrenalectomized cats and study the ATPase activity as an index of alterations in function which could explain the impairment in myocardial performance; and (2) to determine whether the observed changes in ATPase activities are in fact due to corticosteroid deprivation per se by studying the effects of corticosteroid replacement.
Materials and Methods

ANIMAL TECHNIQUES
Healthy adult cats of either sex were either bilaterally adrenalectomized in a single-stage operation using a ventromedial approach or were used as controls. All cats were anesthetized with pentobarbital sodium administered intravenously to achieve a surgical plane of anesthesia. Adrenalectomized cats were given 1 mg of dexamethasone (Decadron; Merck, Sharp & Dohme) and 50 mg of erythromycin (Gallimycin; Amdal) intramuscularly on the day of and the day after the operation. Some adrenalectomized cats were given 1 mg of dexamethasone daily for 10 days. All adrenalectomized cats were given 0.9* NaCI to drink and Purina cat chow ad libitum.
Ten to 12 days after adrenalectomy, dexamethasone-treated and untreated cats were anesthetized with pentobarbital, and a carotid artery was cannulated for the measurement of arterial blood pressure with a Statham P-23 pressure transducer and a Beckman Type RB Dynograph. Mean arterial blood pressure was recorded in exactly the same manner in control cats. Positive pressure ventilation with room air was instituted. A midline stemotomy was performed and the entire heart rapidly excised and placed in oxygenated Krebs-Henseleit solution (composition described in reference 10).
The atria, connective tissue, and fat were trimmed from the ventricles, which were then cut into pieces weighing about 1 g. The ventricular segments were immediately frozen and stored under liquid nitrogen until the contractile proteins were isolated.
MYOFIBRIL ISOLATION
Frozen ventricular tissue was crushed in a stainless steel mortar and pestle precooled in liquid nitrogen. Preliminary experiments indicated no difference in the rate of ATP hydrolysis in myofibrils from frozen and from fresh tissue. The powder was suspended in a 0.3M sucrose solution (1 g/10 ml), buffered at pH 7.4 at 0°C with 18 mM morpholinopropane sulfonic acid (MOPS), and containing 5 mM ethylenediaminetetraacetic acid (EDTA) plus 0.5 mM dithiothreitol. The suspension was homogenized in a Waring or Polytron blender and filtered through two layers of cheesecloth to remove fat droplets or large connective tissue fragments. The large insoluble components were collected by centrifugation at 450 X g for 10 minutes, resuspended in the homogenization solution described above, and microscopically examined. Further homogenization was carried out as required to provide the desired dispersion of the myofibrils. This process was repeated two to three times after collection by centrifugation. The protein preparation was then washed twice in a solution composed of 0.3M sucrose, 0.018M MOPS (pH 7.4 at 0°C), and 0.5 mM dithiothreitol. Two final washings in 0.1M KCl were carried out with the final mvofibril pellet suspended in 0.1M KCl, and aliquots for a micro-Kjeldahl protein concentration determination were taken.
ACTOMYOSIN (MYOSIN B) ISOLATION
The pulverized frozen cardiac tissue (see above) was suspended in 5 ml/g tissue of a solution containing 35 mM MOPS (pH 7.0 at 0°C), 1 mM dithiothreitol, 8 mM ethyleneglycol bis(/3-aminoethylether)-N,N'-tetraacetic acid (EGTA), 20 mM NaHCO 8 , and 2 mM ATP, and homogenized with a Polytron blender. Following homogenization, an equal volume of 1.2M KCl was added. This procedure substantially reduced foaming during homogenization. The tissue was extracted overnight at 0°C without stirring, and the insoluble material was sedimented by centrifugation at 16,000 X g for 1 hour. Actomyosin was precipitated by dilution of the supernatant fluid with cold water containing 0.1 mM dithiothreitol plus 1.75 mM MOPS (pH 7 at 0°C) to give a KCl concentration of 0.1M, and collected by centrifugation. The precipitated actomyosin was dissolved in 0.6M KCl and centrifuged at 16,000 X g for 30 minutes to remove material insoluble at high ionic strength. A second dilution precipitation cycle was carried out and the actomyosin was washed twice in 0.1M KCl. Protein concentrations in the final suspension were determined by the micro-Kjeldahl method using the conventional protein factor of 6.25 or by a biuret determination with the absorbance read at 310 mfj, and calibrated with micro-Kjeldahl determinations.
MYOSIN ISOLATION
Myosin was prepared by the differential centrifugation method of Weber (11), following a protocol only slightly modified from that of Birany (12). Actomyosin, as prepared above, was dissolved at a KC1 concentration of 0.6M and the protein concentration adjusted to 5 mg/ml in the presence of 20 mM MOPS (pH 7.5 at 0°C), 10 mM MgCl 2 , and 10 mM ATP. The dissociated protein complex was immediately centrifuged at 150,000 X g (average force in Spinco preparative ultracentrifuge using a 50 Ti rotor) for 3 hours. The upper two-thirds of the supernatant fluid was dialyzed against 20 mM KC1 + 4.5 mM MOPS (pH 7.0 at 0°C) overnight and the precipitated myosin was twice washed in 0.04M KC1 (pH 7). The protein was then redissolved in 0.6M KC1 at a concentration of about 6 mg/ml and centrifuged 1 hour at 150,000 X g. The upper twothirds of the supernatant fluid was collected for the myosin preparation used in this study and the protein concentration determined by micro-Kjeldahl or biuret procedures.
DETERMINATIONS OF ATPato ACTIVITY
All measurements of ATPase activity were performed at 25.0 ± 0.1 °C and pH 7.0 with the buffer concentration (18 mM MOPS) adjusted to produce a buffering value of -10 mM H + /pH unit (13) . The ionic strength was adjusted to a value of 0.1 for myofibrillar and myosin preparations and 0.075 for actomyosin with KC1 additions, taking into account all ionic constituents and the major complexes formed. The protein concentrations were 0.3 mg/ml for myosin and actomyosin, and 0.5 mg/ml for myofibrils. The ATP (Sigma Chemical Co.) concentration was 1 mM. Details on activating metal cation concentrations and other additions are given in Results. All assays were performed as time course experiments, with aliquots of the reaction mixture taken at intervals between 0 and 8 minutes after ATP addition. The reaction was terminated by the addition of an equal volume of ice-cold 5% trichloroacetic acid. ATP hydrolysis was measured as inorganic phosphate liberation following the procedure of Rockstein and Herron (14) . The reported values for ATPase activity are all initial rates (usually 0 to 1 minute after ATP addition) when P, liberation was linear with time. Maximum ATP hydrolyzed during the reported periods was always less than 10% of the total amount of ATP present. ATPase activity was expressed as micromoles inorganic phosphate liberated per milligram protein per minute (/XM Pi/mg-min) at 25°C.
All chemicals were of reagent grade and solutions were prepared with distilled deionized water. Standardization of MgCl 2 , ATP, EGTA, and CaCl 2 solutions was accomplished by previously reported methods (15) .
Results
The mean arterial blood pressure of adrenalectomized cats was significantly lower than that of control animals; dexamethasone (1 mg/day) following adrenalectomy prevented this decrease (Table 1 ). There were no significant differences in the yields of either myofibrils, actomyosin, or myosin among the three experimental groups (Table 1 ). This similarity in yield suggests there were no major changes in contractile protein content of the hearts of any of the animals. However, our extraction procedures were designed to enhance the purity of the protein preparation rather than to estimate tissue content quantitatively.
Our initial investigations were concerned with the ATPase activity of myofibrils, since 
The values are mean ± SE. The number in parentheses is the number of cats from which the means were calculated. MABP = mean arterial blood pressure. *P < 0.001 compared to control and dexamethasone-maintained groups.
the fibrillar organization of the contractile proteins in this model most closely represents the natural contractile system. The major disadvantage of myofibrils stems from the fact that ATP hydrolysis is only partially associated with the myofibrillar contractile response (16) . A portion of the spurious ATPase activity may be attributed to ATPases of the cell membrane, mitochondria, or microsomes. High concentrations of sodium azide inhibit the mitochondrial ATPase activity (17, 18) . This azide-inhibited fraction of the myofibrillar ATPase activity represented about 20% of the total initial ATPase activity (left hatched column, Fig. 1 ). Another 42% of the initial specific ATPase activity was obtained in the presence of azide plus EGTA, a Ca 2 + -chelating agent which would reduce the Ca 2 + concentration to less than 1(HM (middle hatched column, Fig. 1 ). The origin of this Ca 2 + -independent ATP hydrolysis may be contaminating enzymes not inhibited by azide (17, 18) or of fibrillar origin, i.e., myosin enzymatic sites not moderated by actin (19) . Another fraction of the total initial ATP hydrolysis is not inhibited by azide, but does require about H H M Ca 2 + , and represents about 38% of the initial specific activity (right hatched column, Fig. 1 ). This Ca 2+ -dependent ATPase activity is characteristic of the actinmoderated myosin enzyme in the presence of the tropomyosin-troponin complex (19) (20) (21) . Only this Ca 2 + -dependent fraction of ATPase activity has been shown to be correlated with the contractile response (syneresis) of myofibrils (22). Figure 1 also illustrates another important characteristic of the myofibrillar ATPase activity (although it may be seen to a lesser extent with actomyosin ATPase activity in Figure 3 ): there is an initial constant high rate of ATP hydrolysis for the first & to 1 minute after initiating the reaction, and then the rate decreases to a later, fairly stable specific activity after 4 or 5 minutes. This decrease in specific activity with time is not due to depletion of ATP from the reaction mixture, because only about 8% of the total ATP present was hydrolyzed after 8 minutes in these experiments. More importantly, there is a differential decrease between the various components of the ATPase activity ( Fig. 1) , with the azide-inhibited fraction being least affected. Our studies do not indicate the mechanism for this decrease in activity with time, although it may in part represent completion of the myofibrillar contractile response (22). However, on the basis of these results, we selected only that fraction of the 
Calcium-dependent ATPase activity (right) is the difference in ATPase activity between experiments including 1 mM CaEGTA •+• 5 m
NaN, and those having 1 mM EGTA + 5 mM NaN 3 and represents ATP hydrolysis associated with the contractile response. The total initial rate of ATPase activity measured in the presence of 1 nun CaEGTA urns 0.309 IIM P t /mg • min and is equivalent to 100% on the right-hand scale. initial rate of ATPase activity of myofibrils which was not inhibited by azide and which required Ca 2+ for activation (right hatched column in Fig. 1) as an index of the physiological ATPase activity (i.e., ATP hydrolysis associated with myofibrillar contraction). This Ca 2 + -dependent fraction of the myofibrillar ATPase activity was significantly lower in preparations from the hearts of adrenalectomized cats (Fig. 2 ) than in those from the hearts of control cats. If the Ca 2 +dependent and Ca 2 + -independent fractions of the total myofibrillar ATPase activity were added, a significant difference (P<0.05) still remained between myofibrils isolated from the hearts of the control (0.084 /AM Pi/mg-min) and adrenalectomized (0.060 /AM Pi/mgmin) cats.
Unlike myofibrils, actomyosin (myosin B) can be isolated from cardiac muscle without contaminating ATPases. Therefore, the total actomyosin ATPase activity in the presence of low ( I O^M ) Ca 2+ concentrations is a reasonable index of the liberation of chemical energy by the contractile system. The rate of ATP splitting by actomyosin is not constant beyond the first minute of the reaction under the conditions of this study (Fig. 3) . The initial rate of ATPase activity of actomyosin isolated from the hearts of adrenalectomized animals averaged about half the rate of control preparations (Fig. 4) . Differences between the two groups became less pronounced at later stages of the reaction (Fig. 3) .
The similarity of the magnitude of depression in ATPase activity obtained with actomyosin and myofibrils suggested that the effect persists after additional purification of the contractile proteins. The implication that the observed changes reflect alterations in the contractile proteins, per se, is strengthened by results obtained from studies of myosin isolated from the hearts of control and adrenalectomized cats. There was a significant reduction in the Ca 2 + -activated ATPase activity of purified cardiac myosin derived from adrenalectomized animals ( Fig. 5) . Unlike myofibrillar and actomyosin ATPase activity, the rate of ATP hydrolysis by myosin was Circulation Rtsurcb, Vol. XXVI, April 1970 constant throughout the 8 minutes of the reaction. These results indicated that the molecular alteration was associated with the myosin preparation. An additional experiment showed that the ATPase activity of myosin extracted from the hearts of adrenalectomized cats treated with dexamethasone had control levels of ATPase activity (Fig. 5) , in contrast to the results obtained without the glucocorticoid described above.
Discussion
Ten to 12 days after adrenalectomy, there were significant reductions in the ATPase activity of various contractile protein preparations isolated from the myocardium. The ATPase activities of the different preparations can be summarized in terms of the percent of control activity as follows: myofibrils, 63$; actomyosin, 54$; and myosin, 75$. The differences in percent reduction of ATPase activity between the different protein preparations were not significant. It appears likely that the observed reductions of the ATPase activity are associated with the myosin molecule. However, one cannot exclude changes in the binding of actin by myosin as having some effect in the experiments using actomyosin or myofibrils.
Our studies provide little indication of the mechanism through which adrenalectomy is associated with a myosin preparation having lowered ATPase activity, although the reversal of this effect by dexamethasone suggests an action of corticosteroids. However, several possible explanations may be offered. (1) There may be regulatory substances closely associated with the contractile proteins which are affected by corticosteroids (e.g., allosteric effects on enzymatic activity). Our isolation procedures for the contractile proteins may Initial rates (0-1 minute) of ATPase activity of actomyosin isolated from hearts of control (solid column) and adrenalectomized (hatched column) cats (±1 SE) calculated from the experiments shown in Figure 3 . permit the retention of a substance inhibiting ATPase activity which was produced after adrenalectomy. Even purified myosin preparations, particularly cardiac myosin, are likely to contain tightly bound contaminants (23-25 the actual mechanism. However, it should be noted that the mechanism by which hormones have been most clearly demonstrated to affect enzymatic activity, i.e., by induction or synthesis of more enzyme so as to raise tissue concentrations (27, 28) , cannot account for our results. Myosin is a structural protein, and the specific enzyme activities reported are calculated on the basis of the amount of myosin present in the assay solution.
There have been a number of previous studies of the contractile proteins of the heart, principally in congestive heart failure, in which an attempt was made to identify the factor responsible for the decreased myocardial contractility. In some instances there was no change in myosin ATPase activity (29) , in the physical properties of the myosin molecule (30) , or in the properties of actomyosin from failing hearts (31) . Other investigators have reported a decreased contractile response of actomyosin threads (32) and glycerol-extracted cardiac fiber bundles from failing hearts without a measurable decrease in ATPase activity (33) . In some types of heart failure, a lowered myofibrillar ATPase activity has been reported (34, 35 ). An investigation of myofibrillar ATPase activity which excluded azidesensitive ATPase activity demonstrated a correlation between reduced contractility in experimental heart failure and ATPase activity of myofibrils isolated from the failing hearts (36) . In a recent study, a reduction in cardiac myosin ATPase activity was found to be associated with spontaneous heart failure (37) . Interpretation of many of the studies cited is complicated by failures to discriminate between initial and basic rates of activity and to exclude ATP hydrolysis of nonmyofibrillar origin. Nevertheless, there appears to be a substantial case for correlating a reduced rate of conversion of chemical to mechanical energy by the contractile proteins with a reduced cardiac contractility associated with certain types of heart failure, as well as with marked adrenal insufficiency.
Previous studies on the heart in adrenal insufficiency have failed to provide any insight into the nature of the myocardial defect. There do not appear to be any significant alterations in myocardial water or electrolytes in adrenal insufficiency (38) . The catecholamine content of the heart is also not significantly altered in adrenal insufficiency (39) . There is a decrease in cardiac glycogen concentration in adrenal insufficiency in the rat (40) and a decrease in myocardial glucose utilization (41) . However, since the heart utilizes fatty acids primarily and carbohydrate secondarily (42) , the decrease in cardiac glycogen cannot account for the impaired myocardial performance unless there is a marked shift in substrate utilization. Furthermore, the electrophysiological properties of the myocardial cell appear normal in adrenal insufficiency (10) despite a marked diminution in developed tension of myocardial cells.
Recently, isolated atria from adrenalectomized rats have been shown to accumulate 45 Ca from the medium at a slower rate than atria isolated from normal rats (43) . These investigators proposed that the alteration in calcium uptake was the major factor responsible for the impaired mechanical performance of cardiac tissue isolated from adrenalectomized rats. However, this hypothesis cannot account for the decreased myocardial performance of the whole animal, because (1) the plasma calcium concentration is not altered in mammals other than the rat (43), and (2) even with the decreased rate of exchange of calcium across the atrial cell membrane, the calcium content does not differ between control and adrenalectomized animals. Alterations in calcium uptake cannot explain the decreased ATPase activity we observed, since our measurements were made on isolated contractile protein preparations in the presence of excess calcium.
Apart from the results of the present investigation and those cited above, there is additional evidence for a correlation between the contractile proteins and the performance of the heart. The rate of chemical energy released by a living muscle is associated with the velocity of contraction in a muscle (44) . Furthermore, the rate of ATP hydrolysis is proportional to the rate of force development by a muscle model (45) . Finally, a direct relationship has been shown between the maximum velocity of shortening of a muscle and the intrinsic ATPase activity of myosin from the same muscle (12).
Although we have established that there is a relationship between the ATPase activity of cardiac myosin and myocardial performance in cats with adrenal insufficiency, this relationship may not be a direct one. A decreased systemic arterial pressure would result in a reduced after-load against which the heart performs work. Therefore, it is conceivable that the decreased work load of the heart passively results in a reduction in myosin ATPase activity. Regardless of whether the decline in myosin ATPase activity is a direct or indirect function of glucocorticoid insufficiency, the initiating factor is the absence of these steroids. Since the heart is responsible for the circulatory collapse seen in adrenal insufficiency (5) (6) (7) (8) (9) , the reduced myosin ATPase activity may be the precipitating event Circulation Research, Vol. XXVI, April 1970 leading to the collapse. The fact that dexamethasone maintains the cardiac myosin ATPase activity and cardiac function (5) at control levels strengthens the argument that glucocorticoids are intimately involved in the regulation of normal myocardial function.
